Introduction
Thoracic outlet syndrome (TOS) is a common but controversial condition with a wide spectrum of symptoms, related to compression of the components of the neurovascular supply to the upper limb. Symptoms vary from mild to extremely severe and may even be limb threatening. Objective signs and diagnostic tests may be variable and difficult to interpret. This is reflected by a body of scientific literature which is disparate and confusing. To understand the condition it is essential to recognize its different manifestations. Some, such as pure arterial compression between the clavicle and the upper border of the first rib, are clear-cut and can be readily cured by operation; other variants are difficult to diagnose objectively and to treat. This review attempts to describe the current state of the art and makes a plea for a more scientific evaluation of patients with the condition.
The main variants of the syndrome are: 1) Pure arterial compression, often due to a bony anomaly, resulting in brachial ischaemia. 2) Venous compression by similar mechanisms, leading to engorgement or venous thrombosis.
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3) Neurological compression, due to a bony anomaly or fibrous bands, leading to pain, paraesthesiae and eventually axonal loss and muscle wasting. 4) Raynaud's phenomenon, caused by nerve irritation or stimulation of the periarterial sympathetic plexus. 5) The more controversial 'disputed' form. This is neurological in nature and is associated with neck trauma. Objective evidence to confirm the diagnosis may be lacking.
Anatomical basis
As humans have evolved from four to two limb ambulation, there has been a change in the geometry of the pectoral girdle, which lies lower on t~e t~orax than .in quadrupeds. The low-lying clavicle IS the most Important structure which can compress~he subclavian artery, vein and brachial plex~s, "?t~the. subclavius muscle medially and the first nb inferiorly as a fulcrum. The subclavius mus~le, if~ypertrophied, may compress the subclavian v~m antenorly leading to thrombosis. Costoclavicular compression is most likely, therefore, to cause vascular symptoms but may also a~ect the. lowermost trunk of the brachial plexus.
It IS also Important to bear in mind that fractures of the clavicle, tumours, or poor posture may also lead to neurovascular compression in this region. The first rib itself may be abnormal in patients with TOS. The rudimentary form of the rib is cir-cular in cross-section and may in isolation cause arterial compression (Figure 1 ). Alternatively it may be excessively broad or fused with the second rib.
Cervical ribs are found in reptiles and articulate with the lower cervical vertebrae. The anterior tubercles of the cervical vertebrae represent this element which may persist in humans as either an entire rib, a partial rib with a fibrous band at its tip inserting at the scalene tubercle, or a pure fibrous cord (the Gruber classification}'. Drooping of the transverse process of C7 on X-rays may indicate the presence of such a cord. Incomplete ribs compress the artery and nerve as they pass to the scalene tubercle, but in the presence of a complete rib, the neurovascular bundle must arch high over it and this is more likely to cause symptoms. Cervical ribs are present in 0.3% of the population; 68% of patients are female but only 1% of individuals have cervical ribs which cause symptoms . This discrepancy epitomizes the problem of TOS . Why should a patient with an anatomical anomaly subsequently develop TOS, especially in their late thirties? In some cases this may be due to changes in posture -for example, body-building at one end of the spectrum or a sagging posture due to hours spent at a VDU (visual display unit) at the other. Injury may lead to fractures or to spasm and contractures of the scalene muscles, leading to nerve compression. Up to one-third of patients with TOS in most North American series describe a history of trauma.
Moving proximally, the next most important anatomical space is the interscalene triangle. This is a constrained space bounded by the first rib inferiorly, the scalenus anterior muscle anteriorly and, at the rear, the scalenus medius muscle. The brachial plexus passes through the apex of this triangle with the artery at its base. Variants of normal anatomy and congenital anomalies may cause neurovascular compression ( Figure 2 ). In 100 cadavers, the base of this triangle measured a mean of 11 mm in widthz but in patients with TOS this was reduced to 7.7 mm in men and 6.7 mm in women." If the upper nerves of the brachial plexus arise high in the triangle, compression may occur. Interdigitation of the two scalene musclesor abnormal anatomy where the nerves of the plexus course anterior to the scalene muscles may cause compression . At least 12 different fibrous bands or ligaments have been described in this area. All have been implicated in compression of the artery and brachial plexus ( Table 1) .5
Variants of thoracic outlet syndrome

Arterial
Arterial TOS is described as rare (1-5%) in most seriess but this may reflect referral patterns. In the authors' experience it represented 45% of a series reported from Southampton? (UK), and, in our current experience in Exeter, 60% of the patients requiring operation have had arterial symptoms. Much higher proportions of patients with vascular symptoms have been reported from France.e-? The mechanism for arterial TOS is usually bony compression, the diagnosis is straightforward and treatment universally successful unless there has been structural damage to the artery.
Clinical diagnosis
The history may reveal brachial ischaemia 'claudication' when the patient works with the arms elevated. Compression of the subclavian artery with subsequent intimal injury may lead to distal embolisaton ( Figure 3 ) or even thrombosis of the axillary artery itself. Post-stenotic dilatation may lead to aneurysm formation with further risk of thrombosis. Raynaud's phenomenon is common. The mechanism is unclear but irritation of the periarterial sympathetic plexus is likely. In contradistinction to primary Raynaud's disease there is a marked difference in symptoms between the two limbs.
Clinical examination should be centred on the demonstration of arterial compression and identifying arterial damage. The subclavian often rides
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An infraclavicular bruit from the subclavian artery is a useful sign. Insonation takes place in the deltopectoral triangle and the bruit may appear as the arm is elevated and externally rotated. In patients with severe arterial compression, the bruit may reach a maximum and then disappear as the subclavian artery is completely occluded. For this reason it is important to listen as the arm is abducted, flexed to 90°at the elbow and externally rotated.
Investigations
Investigations must be interpreted in the clinical context. None are 100% specific but many are very sensitive. The most important is the chest and cervical spine radiograph. This will identify bony cervical ribs, rudimentary first ribs or fractures. Oblique views may be helpful. Computed tomography and magnetic resonance imaging (MRI) investigations may contribute and these are discussed in the next section.
Various postural manoeuvres may be employed to precipitate pulse reduction. The Adson testtv (the patient stands with her arms by her side, inhaling deeply and raising her chin to the affected side) may be helpful by provoking a decreased Table 1 Congenital bands and ligaments associated with TOS as described by Roos pulse . The military position!' may also result in a decreased pulse but there is a high incidence of abnormal tests in normal individuals.P-P The most reliable provocative test is the Roos test.t-This is also known as the 90 0 AER (abduction external rotation) position, the surrender position, or the candlestick position on the Continent (Figure 4 ). In the authors' experience and that of others, the test is highly sensitive for the diagnosis but the specificity is less clear . The positive predictive value of the test is, however, excellent; a negative test makes the diagnosis of TOS highly unlikely.
Noninvasive testing with plethysmography, pulse volume recording and brachial and blood pressure measurements were extensively investigated in the 1960s. 15 Unfortunately, abnormal tests can be obtained in large numbers of normal individuals. In our experience, colour-coded duplex ultrasonography is very helpful. Reduction in flow, as judged by velocity criteria and direct measurements, of more than 50%, has a high sensitivity and was present in 93% of our patients with a confirmed diagnosis of arterial TOS; 57% of our patients had a complete occlusion of the subclavian artery on duplex. All of these patients who have undergone postoperative scans have shown normal flow postoperatively. Duplex can also identify poststenotic dilatation and turbulence. We have eliminated the need for angiography in all cases , except those with proven distal emboli, when arterial exploration may be needed. Arteriography has been shown in the past Agur.3 Embolifrom a proximal area of intimaldamage causing severe brachial ischaemia to demonstrate positional compression in a high proportion of normal individuals but is not in our view indicated routinely. Arteriograms should be interpreted with great care ( Figure 5 ).
Treatment
The treatment of arterial TOS must be based on clinical presentation and the results of the investigations . In those with mild brachial ischaemia , not interfering with daily activity, it may be enough to reassure the patient, explain the diagnosis, and emphasize that they should return if their symptoms become more severe or if there is the slightest indication of distal embolization or acute brachial ischaemia . The increasing availability and success of intraoperative thrombolysis has in the authors' view made it possible to pursue this conservative course of action . In the past, acute arterial thrombosis was associated with a high rate of limb loss and prophylactic surgery was always indicated.
Complicated cases of arterial TOS or severe symptoms are an indication for surgery. If the arteriogram or duplex scan shows no structural changes then the patient should undergo transaxillary first rib resection. This operation removes most of the first rib and thereby the fulcrum about which arterial compression takes place, regardless of the mechanisms of compression which may exist higher up in the neck . A cervical rib may be removed via the same route and sympathectomy may be added with ease . The authors' preference, however is to perform an initial video transthoracic endoscopic sympathectomy as this ensures complete sympathectomy down to the T4 ganglion. This benefits the entire upper limb and there is no danger of permanent Horner's syndrome as the stellate ganglion cannot be reached via this route.
The operation is well described in the literature. 1 6-18 It is, however, pertinent to summarize the major points of interest during the operation. The first rib should be resected from the costochondral junction right back to its neck. The resection should be extraperiosteal to avoid bony regrowth. Careful note should be made of any abnormal anatomy or pathology as this will be vital should the patient's symptoms return in the future. Great care is taken to protect the subclavian vein and the brachial plexus . The phrenic nerve is rarely seen via this approach but may travel in part within the scalenus anterior muscle and therefore be vulnerable. Meticulous haemostasis is essential to avoid haematoma formation and subsequent scarring. It is the authors' practice to deliberately broach the pleura in all cases so that any blood may drain into the pleural space, where it is subjected to the lytic activity of tissue plasminogen activator secreted by the pleura. The operation requires an experienced assistant, excellent lighting and should be performed by a surgeon who is familiar with the anatomy and its variations. The great advantage of the transaxillary approach is that it is cosmetic (most of the patients are young women), there is an excellent view with good access to the relevant area and it leaves the supraclavicular region clear for future surgery if required.
In complicated cases where the subclavian artery has been damaged, the supraclavicular approach is to be recommended. 19 This approach enables the artery to be inspected, opened and reconstructed by interposition graft or patching.
Results ofsurgery
Arterial TOS is a satisfying diagnosis to make as the results of surgery are excellent. Sanders
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and Haug have summarized the results from the literature.e Pooled data of the larger series revealed 'improvement' in 84% of the cases with a 3% amputation rate. In our early experience all patients with uncomplicated vascular compression obtained complete relief and five of six patients with aneurysmal thrombosis were improved.zc Our more recent results are discussed later in this article.
The much higher incidence of arterial TOS in all of the reported series from Europe suggests that surgeons in the USA are seeing a rather different part of the spectrum of the syndrome with a much higher referral of neurological and post-traumatic cases.
True neurological thoracic outlet syndrome
This form of TOS may be due to the primary mechanisms of compression of the nerves of the brachial plexus described above or may follow as a result of neck trauma. The first variety is probably quite rare; the second is more common but like all conditions arising as a result of accidents there are many contributory factors, potentially confusing the diagnosis. The medicolegal implications of the diagnosis have made it extremely controversial in the USA. Our experience is that true neurological TOS is a condition that can be diagnosed and treated with confidence. It is vital that this condition is clearly separated in the mind of the reader from the so-called 'disputed' form where objective evidence is lacking.
Clinical presentation
The most common complaint is paraesthesia, which may be painful, occurring in the ulnar border of the forearm and hand and characteristically sparing the radial border of the ring finger, suggesting a CSffl distribution. Lesions higher in the neck may affect the upper trunks of the brachial plexus but all are exacerbated by working with the arms elevated (washing hair, writing on a blackboard) or by prolonged stooping such as work at a VDU. As the condition progresses, the symptoms may worsen from an annoying tingle to a severe pain complex. This pain radiates proximally to the deltoid and scapular region and often into the occiput and over the vertex, ending in the face and behind the eye. Patients may have precordial pain which is reminiscent of angina pectoris. Pain over the anterior deltoid and pectoral regions may prompt a visit to the breast clinic, and many patients have consulted neurosurgeons, orthopaedic surgeons , osteopaths and chiropractors. Several patients have complained of a fullness in the throat; the mechanism for this remains unclear but the symptoms are alleviated by surgery. As the pain increases, patients often complain of an inability to sleep, especially on the affected side. They often state that the arm 'goes Rt Obliqu e to sleep' and takes some time to return to normal on rising.
Examination
The clinical examination should be thorough, with the express aim of both making the diagnosis of TOS and excluding other possible conditions ( Table 2 ). Conditions such as carpal tunnel syndrome are very common and may coexist with TOS . 21 ,22 The examination should start with a comment on posture and general demeanour. The cervical spine should be examined thoroughly for range of movement and localized tenderness. Pressure on the vertex with the cervical spine half extended and rotated to the left or right precipitates pain in patients with a central disc prolapse. The supraclavicular fossae are examined carefully. In those with arterial TOS the subclavian artery often rides high in the fossa. The patient may be tender over the brachial plexus and percussion may reproduce peripheral paraesthesia. There is a characteristic trigger point for pain at the base of the neck, over the trapezius muscle two to three fingers medial to the upper inner border of the scapula. Attention is then turned to the shoulder which is examined carefully for full range of movement and tenderness of the rotator cuff. Other points of peripheral nerve compression -the ulnar tunnel at the elbow and the carpal tunnel -are then examined. The hand is carefully checked for wasting of the intrinsic muscles and the full range of motor rt Figure 5 Anteroposterior views may miss significant stenosis seen on oblique projection of the subclav ian vessels function is assessed. The sensory modalities are then examined. Auscultation in the infraclavicular fossa may identify a bruit, especially when the arm is abducted and externally rotated. The Roos test is then performed.
Diagnostic tests
Current interest centres on the use of MRI and electrophysiological studies. In the past MRI has been disappointing, mainly because it has not been clear what one should be looking for, but a recent study has demonstrated deviation of the brachial plexus in 19/24 symptomatic limbs (sensitivity 79%) and absence of this deviation in 14/16 normal limbs (specificity 87.5%).23 MRI demonstrated fibrous bands invisible on plain X-rays in 25/33 sides and showed all cervical ribs. Another advantage of MRI is to eliminate structural diagnoses such as the presence of a syrinx.
Electrophysiological studies have been disappointing. Early studies looking at nerve conduction velocity in the ulnar nerve across the thoracic inlet were not reproduced by subsequent authors. [24] [25] [26] The most important role of neurophysiological studies is to exclude other diagnoses.
F waves are small motor responses obtained by stimulating a motor nerve antidromically, i.e. towards the spinal cord. The stimulus travels to the anterior horn cells and then returns to the recording electrode. Normal subjects often lack F waves and if present they have a wide range of normal values. In TOS patients, F wave latency may be prolonged. This may be nonlocalizing and it is important to exclude peripheral abnormalities The thoracic outlet syndromes 221
of motor conduction such as ulnar compression at the elbow. We have found positive F wave data to be suspicious in 28% of confirmed cases of neurogenic TOS and diagnostic in a further 28%. As in all diagnostic tests, especially in TOS, the balance of proof is increased by the clinical context. Another promising test has been the decrease in the sensory action potential in the medial antebrachial cutaneous nerve, which is derived from C8 and TIP We would support the diagnostic criterion of a reduction of > 50%
relative to the asymptomatic side.
Treatment
In patients with symptoms referable to the lower trunk of the brachial plexus, transaxillary first rib resection is the treatment of choice. In those with symptoms and signs pointing to the upper trunks of the plexus, it may be more logical to explore via a supraclavicular route to ensure that all the affected nerves are thoroughly decompressed. The operative principles are exactly as described above in relation to arterial TOS.
Before embarking on surgery it is vitally important that patients are given an adequate time to respond to conservative measures, especially when these may be referable to, for example, cervical spine injury. A full programme of physiotherapy should be initiated. This has two values: first of all it may help the symptoms if the diagnosis is not TOS and, secondly, if the diagnosis is indeed TOS, the symptoms are often made worse by physiotherapy, especially cervical traction.
Results
There is a remarkable consistency in the literature concerning the results of surgery for neurogenic TOS. Results can be categorized as excellent -complete cure, good -relief of major but persistence of some minor symptoms, fair, -persistence of some major symptoms, or poor -no relief. For the operation of anterior scalenectomy, initial results have been encouraging, but, not surprisingly, recurrence is a problem due to scar formation.
Sanders and Haug 28 have reviewed the English language literature (Table 3) . Results are uniformly good with an average cure rate of 85%. Success depends on attention to detail; there must be a thorough and methodical search for all constrictive bands and the whole brachial plexus should be freed. Removal of the first and/or cervical rib is to be recommended but an extensive soft tissue decompression may be adequate.
Following a successful primary operation there is the risk of recurrent TOS. Over a five-to tenyear period, between 15% and 20% of patients will suffer recurrent symptoms. Recurrence may be due to poor operative technique. Failure to perform an extraperiosteal rib resection may result in regrowth of the rib; the rib must be resected as far back as possible to avoid scarring, bleeding and haematoma may encourage scar formation and fibrosis. Alternatively, the patient may develop recurrence due to an overuse syndrome and it may be necessary to consider a change in occupation. Jobs such as computer operation, assembly line work and working with a calculator are associated with a much higher incidence of brachial pain than other occupationses and may exacerbate TOS.
Over half of the patients in whom symptoms do recur will do so within the first six months of surgery. Recurrence must be differentiated from persistence as the operation has a definite placebo effect. Persistent symptoms mean that there was a second mechanism contributing to the symptoms (such as cervical radiculopathy) or that the diagnosis of TOS was wrong. 30 Major complications of surgery are surprisingly rare. The risk of permanent brachial plexus injury is less than 1%. Other nerves which may be temporarily or permanently affected include the phrenic, the long thoracic and the intercostobrachial. The latter may be deliberately sacrificed to gain access during transaxillary first rib resection and the patient must be specifically warned of a possible area of anaesthesia before the operation. Injury to the subclavian artery or vein is rare. Pneumothorax is common but is anticipated and treated by aspiration at the end of the operation.
Venous thoracic outletsyndrome
Primary venous compression of the thoracic outlet (Paget-Schroetter syndrome) is due to costoclavicular compression or compression by hypertrophied muscles (serratus anterior, subclavius and pectoralis minor).» Patients with symptoms of severe venous hypertension with the arms abducted are at increased risk of thrombosis and should be investigated with a view to decompression to prevent subsequent thrombosis.V
The diagnosis used to be based entirely on positional venography but this may be abnormal in 70% of normal individuals. Duplex scanning may be more useful, especially for follow-up. Venous pressure measurements have been helpful in making the diagnosis and assessing the results of treatment in some studies.w Treatment of nonthrombotic venous occlusion is by transaxillary first rib resection with uniformly good results. If the vein has thrombosed, treatment may be conservative or active. If the patient is given heparin and then warfarinized, the longterm outcome is about the same as that of surgical thrombectomy -50% will have persistent symptoms. Recently there has been increased interest in the use of local or systemic thrombolysis. There are 15 case reports in the literature with an overall 'success' rate of 79%. Success is not clearly defined and venography is rare, so further objective studies are awaited with interest.
Following successful lysis, the treatment options include angioplasty, stenting or extrinsic decompression by rib resection. As yet there are no data to support the first two options but first rib resection has a success rate of 81% from the literature.Pv"
In cases of severe symptomatic chronic venous The results of this type of surgery are difficult to quantify in view of the lack of objective criteria and low numbers, but a fistula alone may encourage collateral development.
'Disputed' form of thoracic outlet syndrome TOS has a broad range of symptoms and the anatomical anomalies causing it are variable, ranging from bony cervical ribs to subtle variations in the scalene anatomy and small fibrous bands. The severity of symptoms may be well out of proportion to the magnitude of the anomaly. In neurological TOS it is not surprising that imaging modalities such as MRI cannot identify all possible anomalies. Similarly, unless the affected nerve has been physically damaged, nerve conduction studies are often normal. Although it is the authors' view that a combination of duplex scanning, comparison with the contralateral limb, and the use of F wave latency and medial antebrachial cutaneous nerve conduction velocities will identify the vast majority of TOS patients, several experienced authors have given up the use of laboratory tests altogether.v' This is because they have become disillusioned by the endless equivocal or misleading laboratory test results. These tests are often expensive to perform (in the authors' view these tests are sometimes essential to exclude other differential diagnoses). Finally, the patient, frustrated and angry with pain, agrees to an operation as the ultimate diagnostic test. Excellent postoperative results contrast sharply with the 'useless' laboratory tests. There is no doubt that injury, and in particular hyperextension or whiplash injuries, may lead to the appearance of TOS in those with an anatomical predisposition. This is often due to the vicious circle of scalene muscle spasm, plexus irritation-pain -more spasm.
Critics of the disputed form of TOS have discounted severe symptoms, especially headache, migraine, ear and facial pain, because in the past they have 'lacked a known neuroanatomical basis' . 36 It is now known that the upper neck muscles are directly involved in the pathogenesis The thoracic outlet syndromes 223 of tension headache via a specialized area of connective tissue at the basi occiput.J7
It does appear, however, that: 
Experience in Exeter
The appointment of a consultant with an interest in TOS has enabled the incidence and management of the syndrome to be studied in a mixed rural and urban population of approximately 350 000. The authors' interest was communicated to hospital colleagues in orthopaedic surgery, neurology, neurophysiology and general medicine. General practitioners were also informed. In a two-year period 110 patients have been evaluated. In 51 of these, features of TOS were present, but patients were treated conservatively with advice, physiotherapy or reassurance. Many had coincidental secondary diagnoses. Twentyfour had alternative diagnoses such as carpal tunnel syndrome, cervical radiculopathy and had no sign of TOS.
Of the 35 patients who have undergone operation, 25 were female with an average age of 40 years. The mean duration of symptoms was three years with a range of two months to 25 years.
Sixteen per cent had a history of trauma and all of these had the neurological variant. Sixty-five per cent of the patients had a. history of br~chial ischaemia and 87% paraesthesia, which was 10 the ulnar nerve distribution in 75%.
On examination, the Roos test was positive in 96% of the patients. Arterial involvement was manifest as a decrease in radial pulse on elevation in 62%, a bruit was present in 62% and objective evidence of neurological involvement, with muscle wasting, was seen in 15%.
Duplex evaluation has been particularly helpful. In those with arterial TOS, 93% had a positive duplex scan with greater than 50% reduction of flow and there was complete occlusion of the subclavian artery in 57%. All abnormal duplex scans performed preoperatively were shown to be normal following successful operation. Nerve conduction studies were helpful in 56% of cases. The duplex scan is helpful in the diagnosis of neurological TOS in that arterial compression is often seen in association with lower trunk brachial plexus involvement and this helps back up the neurophysiological studies.
Twenty-four of the operations were via the transaxillary route. There were no major complications and the mean hospital stay was 2.6 days. One patient, with both upper and lower trunk neurological TOS, had residual symptoms in the median nerve distribution and underwent repeat supraclavicular scalenectomy after six months with good result. He had been warned that the transaxillary operation may not cure all his symptoms but he was anxious to avoid a visible scar.
Early results have demonstrated complete cure of the major symptoms in 87.5% of patients. Three patients had residual major symptoms and only one patient was not improved. This was a young man with spinal muscle atrophy who underwent supraclavicular explorationat the request of the neurologists.
Conclusions
It has become apparent that TOS is common in the population at large. However, it usually goes unrecognized and many patients suffer chronic disabling symptoms due to a lack of awareness of the diagnosis. Our early experience in Exeter is probably representative of the true incidence of the condition in the population at large. The first patients treated have been suffering from their symptoms for some time and very clear-cut arterial and neurological cases predominate. Hopefully these patients will have a lasting cure of their symptoms. In the USA, several physicians have a well-publicized and successful track record in the treatment of the condition. As a result, their referrals include a greater number of patients with vague neurological symptoms or post-traumatic TOS. It is likely that the straightforward, easy to diagnose, objective arterial and neurological cases are being treated in smaller centres, and this may explain the wide difference in the reported incidence in the various subtypes on either side of the Atlantic.
The Roos test is one of the most reliable manoeuvres for the clinical assessment of TOS. In our hands it has a 92% specificity and 96% sensitivity and can be performed with ease in general practice. A combination of a positive Roos test, pulse reduction and the presence of a bruit makes the diagnosis of arterial TOS more likely and a duplex scan will clinch the diagnosis in most cases. Duplex scanning has a sensitivity of 93% and 57% of patients had total arterial occlusion. A combination of the Roos test, supraclavicular tenderness and paraesthesia on percussion makes the diagnosis of neurological TOS more likely. This is helped with positive F wave conduction and medial antebrachial nerve sensory action potential reduction. Again a duplex scan may aid diagnosis if associated with arterial symptoms.
Patients with a suspected diagnosis of TOS should be carefully assessed on an individual basis and great care must be taken not to place them into rigid categories. Investigations should be requested according to the symptoms and clinical examination. The operative approach should be selected in line with the presumed pathophysiological mechanism -good preoperative selection is a conditio sine qua non for good postoperative results.
